Background and objective: An effort-independent breath sound analysis is expected to be a safe and simple method for clinical assessment of changes in airway function. The effects of bronchoconstriction and bronchodilation on novel breath sound parameters in asthmatic children were investigated. Methods: The study population included 49 children with atopic asthma (male = 33; mean age: 10.2 years). We evaluated breath sound parameters of the highest frequency of the power spectrum (HFp), frequency limiting 50% and 99% of the power spectrum (F 50 and F 99 ) and roll-off from 600 Hz to the HFp (Slope). We also assessed new parameters obtained using the ratios of sound spectrum parameters (spectrum curve indices), such as the ratio of the third and fourth power area to the total power area (P 3 /P T and P 4 /P T ), the ratio of the third and fourth areas to the total area under the curve (A 3 /A T and B 4 /A T ) and the ratio of power and frequency at 75% of HFp and 50% of HFp (RPF 75 and RPF 50 ). This was measured before and after methacholine inhalation challenge and after β 2 agonist inhalation. Results: The parameters, F 50 and F 99 , showed no changes after methacholine inhalation. Conversely, the A 3 /A T (12.5-10.0%, P < 0.001), B 4 /A T (7.6-5.5%, P < 0.001), RPF 75 (6.7-4.0 dBm/Hz, P < 0.001) and RPF 50 (5.8-4.3 dBm/Hz, P < 0.001) were significantly decreased. These values returned to the original level after β 2 agonist inhalation. Conclusion: Spectrum curve indices indicate bronchoconstriction and bronchodilation. These parameters may play a role in the assessment of airway narrowing in asthmatic children.
INTRODUCTION
As an objective method to evaluate asthmatic patients, challenges of inhaled bronchoconstrictors are widely used.
1,2 Unfortunately, most infants and preschool children are not able to voluntarily perform the physiological manoeuvres. Commercial devices which use the forced oscillation technique have become available. 1, 3 However, this method cannot be used to evaluate infants, as they are unable to use a mouthpiece. These problems in the accuracy of the measurements of pulmonary function in infants and younger children have meant that the diagnosis of childhood asthma remains a challenge for all physicians.
On the other hand, breath sounds are sensitive to airway changes. An effort-independent breath sound analysis is expected to be a safe and simple method for clinical assessment of airway changes. 4 Recent This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
SUMMARY AT A GLANCE
We evaluated the breath sound parameters before methacholine inhalation challenge, after methacholine inhalation challenge and after β 2 agonist inhalation in 49 children with atopic asthma. Spectrum curve indices indicate bronchoconstriction and bronchodilation. These parameters may play a role in the assessment of airway narrowing in asthmatic children.
developments in signal processing methods have improved the possibility of extracting physiologically and clinically relevant information from respiratory sounds. 5 Even in the absence of adventitious sounds, breath sounds may show changes when disorders of the respiratory system are present. [6] [7] [8] However, breath sounds are strongly affected by pulmonary function. 9 In particular, the airflow rate has a strong effect on the sound spectrum.
10,11 Pulmonary function has a major effect on the airflow during breathing, and age and body size remarkably affect the pulmonary function of children. 12 In consideration of this problem, we have defined new respiratory sound parameters which are mostly unaffected by the airflow rate. 13, 14 The aim of the present study was to study the changes of breath sound parameters caused by bronchoconstriction and bronchodilation using methacholine inhalation challenge, and to evaluate the possibility of breath sound analysis in asthmatic children.
METHODS

Study participants
The study participants included a total of 49 paediatric outpatients (mean age: 10.2 AE 2.5 years; range: 5-16 years; male:female: 33: 16) who were treated at the Tokai University Hospital from 1 April 2012 to 31 March 2015 (Table 1) . The inclusion criteria were as follows: one or more positive specific IgE value (>0.7 UA/mL), recurrent wheezing and bronchial hyperresponsiveness by methacholine inhalation challenge. 15 All of the participants had been diagnosed with atopic-type asthma by a physician.
Inhaled steroids and leukotriene receptor antagonists were withdrawn for 24 h, and β 2 agonist inhalation was withdrawn for 12 h before the test. Written informed consent was obtained from all of the children and their legal guardians and the study protocol was approved by the institutional review board of Tokai University Hospital (No. 11R-158, approval date: 21 December 2011).
Study protocol
The assessments were performed before and just after the methacholine challenge, and 15 min after the β 2 agonist inhalation. As a general rule, each subject was requested to take tidal breaths when the breath sounds were collected. It was confirmed that the breath sound samples included no wheezing, crackles and outside noises based on the findings of the physician's auscultation and the image of the breath sound analyser. After the sound analysis, the patients' pulmonary function was tested using spirometry.
Pulmonary function testing
The pulmonary function of the participants was determined via spirometry using a calibrated computerized spirometer (Chestgraph HI-105; Chest Co., Tokyo, Japan). The resting baseline was selected using the best-of-three resting results based on the highest sum of the forced vital capacity (FVC) and forced expiratory flow and volume in 1 s (FEV 1 ). 16 
Methacholine inhalation challenge
The methacholine inhalation challenge was performed according to the method described by Takishima et al. 17 Briefly, methacholine was diluted twofold with saline on the day of the test to provide a series of 10 strengths, from 25 mg/mL to approximately 49 μg/ mL. 17 During the methacholine inhalation test, the respiratory resistance (Rrs) was continuously measured using an Astograph (Chest Co.). Methacholine administration was stopped when the Rrs reached twice the baseline value (Fig. 1) . The minimum cumulative dose of methacholine to cause bronchial constriction (Dmin (minimal dose of methacholine)), represents the bronchial sensitivity. One Dmin unit was considered to be equal to the inhalation of 1.0 mg/mL of aerosolized methacholine solution for 1 min (Fig. 1) . The speed of bronchoconstriction in response to methacholine (St), which represents the bronchial sensitivity, was also calculated.
Breath sound analysis
A breath sound analysis was performed for all participants, as described previously. 13, 18, 19 Breath sounds were recorded using a handheld microphone for ≥10 s in a silent room. The microphone was placed on the right upper anterior chest at the second intercostal space along the mid clavicular line. A sound analysis of the inspiration phase was performed using an LSA-2000 sound spectrometer (Kenz Medico Co., Saitama, Japan).
The sound-amplifying unit was found to be effective for analysing sounds in the range of 100-2500 Hz. The recorded sounds were analysed according to a fast Fourier transformation. The sampling frequency was 10 240 Hz and the spectra were obtained using a Hamming window. The sounds were displayed as a spectrograph ( Fig. 2A) . We used dBm in the Y-axis and Hz in the X-axis. As an evaluation on the dBm-based spectrum images, we decided to set the zero point of the Y-axis (dBm) based on the mean of the background noise from 2500 to 3000 Hz for the data of all of the subjects. The mean background noise in our silent room was −88.1 AE 5.0 dBm. Therefore, for the calculation of the dBm-based area under the curve (AUC), the zero point in this study was considered to be −90 dBm of the original dBm recorded by the sound spectrometer. 13 The point of the maximum frequency (Hz) in the shape (arrowhead) during inspiration was used for the sound spectrum analysis ( Fig. 2A, B ). This sound Figure 1 The breath sound analysis during the methacholine inhalation challenge. The dose-response curve for the Rrs during the methacholine inhalation challenge using the oscillation method. The Rrs increased with the inhalation of incremental amounts of methacholine. When the Rrs reached exactly twice the baseline value, the administration of methacholine was stopped and a bronchodilator was administered. Three parameters, the Rrs.cont, the Dmin and the St, were calculated. The breath sound samples were obtained three times: before methacholine inhalation and just after methacholine inhalation when the Rrs was increased to twice the baseline Rrs value and 15 min after β 2 agonist inhalation. Dmin, minimal dose of methacholine; Rrs, respiratory resistance; Rrs.cont, Rrs control value; St, speed of bronchoconstriction to methacholine. spectrum (Y-axis; dBm, X-axis; Hz) is shown in Figure 2C . Data were automatically calculated using a custom software programme. 13 The parameters of the total power of the power spectrum (P T )(log[mV 2 ]), the total power of the third area (P 3 ) (log[mV 2 ]), the total power of the fourth area (P 4 ) (log[mV 2 ]), the roll-off of middle spectrum curve (Slope, -dBm/octave) and the frequency limiting 50% and 99% of the power spectrum (F50 and F 99 ) were measured in accordance with the methods of previous reports 13, 19, [22] [23] [24] ) (Figure 3a,  3b) . The Slope indicates the roll-off of the middle spectrum curve (−dBm/octave). 21, 22 The total AUC of 100 Hz to the HFp (A T ), the third AUC (A 3 ) and the fourth AUC (B 4 ) were conventionally calculated by dBm and Hz (one arbitrary unit (dBmÁHz) on a spectrum image). The spectrum curve indices, the ratio of the third power area to the total power area (P 3 /P T ), the ratio of the fourth power area to the total power area (P 4 /P T ), the ratio of third area to total AUC (A 3 / A T ) , the ratio of fourth area to the total AUC (B 4 /A T ), ratio of power and frequency at 75% of the HFp (RPF 75 ) and ratio of power and frequency at 50% of the HFp (RPF 50 ) values, were also calculated (Fig. 3C,  D) . 13 A five-point moving average was used as a smoothing technique to determine the suitable dBm value for identifying some checkpoints in the slope of each sound spectrum.
In the present study, breath sound samples were obtained three times; before methacholine inhalation, just after methacholine inhalation when the Rrs value increased to twice the baseline Rrs value and 15 min after β 2 agonist inhalation (Fig. 1) . Each personal breath sound parameter was analysed conventionally, using a sample with a median value from three tidal breaths.
Statistical analysis
The statistical analyses were conducted using the SPSS software programme (IBM SPSS Statistics, Version 22 for Windows, IBM SPSS Statistics, Chicago, USA). The parameters, before methacholine inhalation, just after methacholine inhalation and after β 2 agonist inhalation were compared using the paired t-test. Data are expressed as the mean AE SD. A Bonferroni correction was used to test multiple comparison, and the level of statistical significance was set at P = 0.016 (0.05/ 3≒0.016).
RESULTS
Lung function and the breath sound analysis
All of the 49 subjects underwent spirometry. In the data of spirometric parameters, the % predicted FVC was 83.1 AE 10.9% (mean AE SD) and % predicted FEV 1 was 86.1 AE 9.8% (Table 1) . Chest auscultation by a paediatric respirologist revealed no abnormalities.
In each of the 49 subjects, the parameters of the breath sound spectrum were successfully calculated. None of the breath sound images showed wheezing, crackles or distinct outside noises. The shape of the sound spectrum showed good similarity in the same patients.
Differences in the breath sound parameters before and just after methacholine inhalation
In 49 subjects, the Rrs control value (Rrs.cont) was 7.36 AE 3.84 cm H 2 O/L/s (mean AE SD), the Dmin was 1.03 AE 3.33 units (3.03 AE 0.66 log (milliunits)), and the St was 2.06 AE 2.30 cm H 2 O/L/s/min (Table 1) . According to these data, all of the patients had appreciable bronchial hyperresponsiveness. After methacholine inhalation, some patients showed an increase in the middle and high frequency area (600-2000 Hz) of the sound spectrum, and some patients showed an increase in the high frequency area (1000-2000 Hz) of the sound spectrum (Fig. 4) .
An analysis of the data revealed that the median values of the common parameters, F 50 and F 99 , did not increase, whereas the spectrum curve indices, A 3 /A T, B 4 /A T, RPF 50 and RPF 75 , significantly decreased after methacholine inhalation ( Table 2 ). The Slope did not show a significant change.
Differences in the breath sound parameters just after methacholine inhalation and after β 2 agonist inhalation
In two patients, the common parameters and spectrum curve indices after β 2 agonist inhalation returned to almost same value as before methacholine inhalation (Fig. 4 ). An analysis of the data revealed that the median values of the common parameters, F 50 and F 99 , did not increase after β 2 agonist inhalation. In the same way, the Slope and the spectrum curve indices, P 3 /P T , P 4 /P T , A 3 /A T, B 4 /A T, RPF 75 and RPF 50 , significantly increased after β 2 agonist inhalation ( Table 2) .
DISCUSSION
Breath sound parameters change during histamine and methacholine inhalation challenges with a strong relationship between changes of sound parameters and narrowing of the airway. 8, 18, 24, 25 Breath sound analysis may have potential as a novel method of non-invasive pulmonary function testing to detect airway obstruction in young children. 26, 27 Importantly, breath sounds are significantly affected by the maximum airflow rate of the breaths. 10, 11 Commonly, large breaths induce highpower and high-pitched sounds. Stature or lung size has an influence on the frequency and power of breath sounds 28, 29 and the patient's age and body size have significant effects on the sound spectrum. 6, 30, 31 New breath sound parameters which are not affected by the airflow rate will be of considerable clinical utility.
In recent reports, we demonstrated the reliability of our breath sound analysis method and its possible application to the assessment of bronchial constriction in children. 14, 32 It is noteworthy that the spectrum curve indices of the simple method, A 3 /A T , B 4 /A T , RPF 50 and RPF 75 , had only a minor impact from airflow rate. 13, 14 It is feasible that a breath sound analysis method will enable the diagnosis of young asthmatic children by evaluating the breath sound changes during tidal breathing in a period of just 30 s.
Using this technique, we assessed the changes in spectrum curve indices during a methacholine inhalation challenge. Significant increases were not observed in F 50 and F 99 values, while the P 3 /P T , A 3 /A T , B 4 /A T , RPF 75 and RPF 50 values were significantly decreased by bronchoconstriction, which occurred in response to the inhalation of methacholine, at the point that the Rrs reached exactly twice the baseline value. The F 99 , P T and A T showed the tendency of an increasing trend due to the methacholine-induced narrowing of the airway. Because all patients intended to perform tidal breathing during test, it is possible to say that the total inspired breath sound increased after bronchoconstriction. It is possible that methacholine- 75 , RPF 50 = dB 50 /(HFp − 50% of HFp) (dBm/Hz) and RPF 75 = dB 75 /(HFp − 75% of HFp) (dBm/Hz). A 3 , the third AUC; A 3 /A T , the ratio of third area to the total AUC; A T , total AUC of 100 Hz to the HFp; AUC, area under the curve; B 4 , the fourth AUC; B 4 /A T , the ratio of fourth area to the total AUC; dB 50 , dBm at 50% of HFp; dB 75 , dBm at 75% of HFp; F 50 , frequency limiting 50% of the power spectrum; F 99 , frequency limiting 99% of the power spectrum; HFp, highest frequency of the power spectrum; P 3 , total power of the third area of the power spectrum; P 4 , total power of the fourth area of the power spectrum; P T , total power area of 100 Hz to the HFp; RPF 50 , ratio of power and frequency at 50% of the HFp; RPF 75 , ratio of power and frequency at 75% of the HFp; Slope, roll-off from 600 to 1200 Hz.
induced bronchoconstriction induces rough and large respiration and some high-pitch respiratory noises. These changes may induce increases in the F 99, P T and A T values.
Conversely, the P 3 /P T , A 3 /A T , B 4 /A T , RPF 75 and RPF 50 values were decreased by bronchoconstriction. The P 3 /P T , A 3 /A T and B 4 /A T values are the ratio of the higher frequency areas (P 3 , A 3 and B 4 ) to the total area (P T and A T ) of the sound spectrum. B 4 /A T may be more sensitive to increases in the high-pitched sound areas. It has been suggested that when bronchial constriction is introduced, the main change that occurs is in the high-pitched area of the sound spectrum. 24, 27, 33 The right corner of our spectrum triangle was prolonged with or without an increase in the maximum sound power of the sound spectrum. Thus, the decrease in the P 3 /P T , A 3 /A T and B 4 /A T values after methacholine inhalation resulted in a prolonged right side of the triangle with a small change in area. The Slope, RPF 75 and RPF 50 indicate the right-sided angle of the sound spectrum. For the same reason, the right corner of the spectrum triangle becomes flattened by bronchial Figure 4 Changes in the sound spectrum before and after methacholine inhalation. After methacholine inhalation, the power of the middle and high frequency area (600-2000 Hz) was widely increased in Patient #1 (A). The power of the high frequency area (1000-2000 Hz) was partially increased in Patient #2 (B). At 15 min after β 2 agonist inhalation, the sound spectrum returned to the same position as before methacholine inhalation in both patients ( , before methacholine inhalation; , just after methacholine inhalation;
, 15 min after β 2 agonist inhalation). It is interesting that measured values returned to the original level after β 2 agonist inhalation. These results clearly indicate that these sound spectrum changes are solely dependent on bronchoconstriction and bronchodilation. We previously suggested that the increase in the Rrs after the inhalation of methacholine and the subsequent decrease of the Rrs value after β 2 agonist inhalation showed the same shape during the methacholine inhalation challenge, although the mechanism of bronchoconstriction and bronchodilation is not the same. 12 This recovery is partially dependent on the specificity of methacholine-induced bronchoconstriction, which is artificial and originally transient. Furthermore, the fact that the inhaled methacholine and β 2 agonist particles were of the same size and had the same deposition site may have resulted in the good recovery of the participants.
The changes in the sound spectrum that were discussed in this report were not affected by 'wheezing'. In our sound spectrogram (time vs sound frequency), typical wheezing can be observed as a bright wave-type band from left to right, mainly in the high-pitched area of the expiratory phase. 34, 35 After the assessment of the response to a methacholine inhalation challenge with an Astograph (Chest Co.), wheezing is not usually heard by auscultation, and a fine difference in the sound intensity and/or tone may be recognized by careful physicians.
Based on the findings of recent reports, 14,36 removal of noise during lung sound collection is an important priority. Furthermore, the lung sound analysis is an indirect approach to assessing the pulmonary function and how to collect the lung sounds stably in infants and small children remains problematic. As a pulmonary function test, the accuracy of the spectrum curve indices may be less than that of common spirometric parameters. However, a lung sound analysis is useful in infants and younger children. 14, 18, 20 The present findings suggest that this clinical approach provides useful information about bronchial constriction. It may be feasible to develop more suitable respiratory function parameters for use in infants and younger children.
In the present study, we demonstrated the feasibility of detecting bronchial constriction in asthmatic children by analysing the breath sound spectrum. This technique may be useful for pulmonary function testing in infants and younger children with asthma. To facilitate wider application of this technique, further studies in age-matched non-asthmatic children are needed to establish standard values of each lung sound parameter.
